otivated by the proliferation of multifunction products, we investigate product portfolio decisions of a single firm by analyzing the impact of three major factors. First, because multifunction products provide complete or partial functionalities of single-function products, we incorporate substitution or cannibalization effects between the potential products. Second, we explicitly model the variable costs of manufacturing the singlefunction and multifunction products. Third, we examine the firm's pricing decisions because of their impact on the degree of cannibalization between the multifunction product and one or more single-function products. Using an economic model, we first characterize the firm's optimal product portfolio (through a quantity-based decision), which in turn determines the market equilibrium prices for each product in its portfolio. Some of the unique insights stemming from our analysis are: (a) the optimal product portfolio choice is driven primarily by maximum profit margins for the single-function products weighted by the demand substitution effects; and (b) from a product design perspective, the complete functionality of the base single-function product is always included in the optimal product offering, but this is not necessarily the case with the complete functionality of the nonbase single-function product.
Introduction
Technological advances have blurred the boundaries between product functionalities. Previously, printers, scanners, copiers, fax machines, PDAs, and cell phones were all independent standalone products with little, if any, overlap in terms of functionality. In recent years, however, we have been introduced to several new multifunction products (MFPs) such as printers with an integrated scanner, copiers with fax capability, PDAs that can also be used as cell phones, and cell phones that can take digital photographs. Although MFPs are not an entirely new phenomenon (e.g., the Swiss Army knife, the clock radio, cassette player/tuner), it has been argued that technological advances in digital electronics are primarily responsible for the more recent proliferation of such products in the current market place (Rysavy 2004) . A more recent example of a unique MFP is the Oakley Trump Polarized Sunglasses, described as follows (http://oakley.com/o/o2213d, accessed June 1, 2005):
Flip-up lenses with contours that maximize protection against sun, wind, and side impact. Patented XYZ Optics for razor sharp clarity at all angles of vision, even at lens periphery. Plutonite lens material to filter out 100% of all UVA, UVB, UVC, and harmful blue light. Durable O Matter frame with less than 1.8-ounce total weight for all-day comfort Absolute music freedom with no wires or cords to dangle or tangle.
[It] stores up to 120 songs on the 512 MB version or up to 60 songs on the 256 MB version solid-state NAND flash memory.
Of course, the cost of these products is quite high ($500 in January 2005) in comparison with the cost of a pair of Ray-Ban sunglasses with similar UV protection and style ($150) or a 512 MB iPod MP3 player ($100).
As technology becomes more mature, MFPs such as office machines and handheld devices are becoming more commonly accepted in the marketplace. Several articles have indicated that the demand for MFPs increased as the quality of these products became more established and acceptable (Avery 2004 , Magid 1998 , Schonfeld 2004 . Schonfeld (2004) pointed out that the Blackberry evolved from pagers with miniature keyboards in the first version to a mobile phone for thumbing-out e-mail messages in the latest version. MFPs normally work well in one or two functions. Thus, buyers need to evaluate what level of performance they require and how much they are willing to pay (Harbaugh 1998 , Magid 1998 ). There are also some reported disadvantages associated with MFPs. Magid (1998, p. D5) points out that "If your standalone scanner or fax machine breaks, you can still print using your standalone printer. But if any component goes down on a multifunction machine, the whole system may be unusable until the machine is fixed." From a user perspective, it is sometimes difficult to use every function incorporated in an MFP (Breeden and Soto 2000, p. E11) . Furthermore, some MFPs do not have multitasking capability, which may restrict their potential usefulness.
There is substantive evidence of the popularity of MFPs. For example, a business mobility survey conducted by NOP World Technology (March 2005) showed that 60% of large organizations (with 1,000-plus employees) have used PDA phones and more than 1/3 of large companies use smart phones. About 2/3 of large organizations use or plan to use a wireless device to access company database and files. A (IDC 2004 ) Some issues that have complicated the acceptance of MFPs relate to quality and consumer preferences. For example, the early versions of Treo and Blackberry had many defects; only after these problems were resolved has the popularity and acceptance of these products grown in the marketplace. Furthermore, MFPs that enable TV viewing either through the Internet or directly on a standalone PC, and the pocket-PC cell phone, have not gained wide acceptance in the market (Wagstaff 2003) . In general, however, we find fewer single-function products in the market as more and more MFPs are available. Although buyers can still find single-function scanners and radio tuners in retail stores, the choices in these categories are small.
Several key aspects need to be considered when contemplating the product portfolio decision for MFPs. First, it is not surprising that MFPs cut into the market(s) for existing single-function products. Given that a new MFP overlaps in terms of functionality with existing products, a substitution effect from a demand perspective is unavoidable. For example, assume that there is a prospective buyer of a PDA and a cell phone. In the marketplace, this person has the choice of purchasing a device that can operate only as a PDA (e.g., the Dell V50), a device that can operate only as a cell phone (e.g., the Samsung SPH-A760) or a device that is a PDA cell phone (e.g., PalmOne Treo 650). Assuming that the PDA cell phone has the complete functionality of a single-function PDA and some degree of partial functionality of the singlefunction cell phone, it is obvious that there are some demand substitution effects that need to be accounted for in evaluating the decision to introduce the PDA cell phone (an MFP) into the marketplace.
Second, the manufacturing costs of an MFP tend to be higher than the costs of each single-function product. In some cases, it can be argued that they are greater than the combined total costs of the singlefunction products whose functionality is integrated in the MFP. One reason for this could be that when the MFP manufacturing process is in the early stages of the learning curve, it would obviously result in higher unit costs. Furthermore, if manufacturing volumes are not high (because of lower demand), then economies of scale could be harder to achieve. In any case, it is necessary to consider the manufacturing costs of MFPs in evaluating the product portfolio decision for the firm.
A third feature that is relevant to introducing MFPs in the market relates to the price of the product. Given the presence of demand substitution effects, this will obviously impact how MFPs are priced. Empirical evidence indicates that initially MFPs are priced well above the prices of the single-function products (as in the example of the Oakley Trump Polarized sunglasses) to recover high manufacturing costs. However, as learning curve and economies of scale effects materialize, these prices tend to drop. Thus, it appears to be necessary to incorporate pricing issues in investigating strategies for including MFPs in the product portfolio for a firm.
Based on this discussion, the focus of this paper is identifying conditions under which a single firm should incorporate MFPs into its optimal product portfolio. In general, decisions pertaining to a product portfolio can be categorized as follows:
• The design decision, which focuses on the choice of features and quality levels for the products included in the product portfolio;
• The capacity/manufacturing decision, which addresses the issues related to the individual product quantities that will be sold in the market;
• The pricing decision for each product included in the product portfolio; and
• The introduction decision relating to when each product will be introduced into the market.
In this paper, we assume that the design decision has already been addressed, and hence, our emphasis is primarily on simultaneously addressing the quantity and pricing decisions. Once these have been made, then the product introduction decision can be addressed.
The remainder of this paper is organized as follows. In the next section, we review the relevant literature.
In §3, we develop an economic model to investigate our problem, identify the dominant product portfolio strategies for our setting, and provide managerial insights stemming from our analysis. Using secondary data, we obtain further insights based on a numerical analysis in §4. Finally, the implications and conclusions of this research are discussed in §5.
Literature Review
Integrating several functions into one device could be perceived as similar to bundling different products (i.e., a dining table and four chairs) as a sale package. Product bundling was first suggested by Stigler (1968) , who viewed it as a strategy for a firm to accomplish price discrimination when heterogeneous consumers have different amounts of willingness to pay (reservation values). Bundling has been investigated extensively in the economics literature and more recently in the information goods area. Early research investigated issues related to the optimal strategy of sellers, consumer surplus, and the effects on competition (e.g., Adams and Yellen 1976; Dansby and Conrad 1984; Schmalensee 1982 Schmalensee , 1984 McAfee et al. 1989; Hanson and Martin 1990) . In most bundling models, the supplier decides whether they should bundle their products and whether the bundle should coexist with their components. The buyers, depending on their utility functions and the prices of products, buy either the bundle or some (or all) of the component products. For the bundled product to be strictly competitive, the price has to be less than the sum of the component prices. Even though knowledge of the consumer's utility function is a widely accepted assumption in bundling analysis, how consumers judge and how they perceive and evaluate the bundle deal were not studied until relatively recently (e.g., Yadav and Monroe 1993 , Kaicker et al. 1995 , Simonin and Ruth 1995 . More recently, Bitran and Ferrer (2007) examined the simultaneous bundling and pricing problem for component bundles using a consumer choice model. They formulate the problem as a nonlinear mixed-integer problem and propose an efficient solution procedure to determine optimal bundle composition and the price of the bundled offering.
Different from most models of bundling, which are based on individual utility, the demands for different products in our model come from preferences in aggregate of a representative consumer. Also, the cost of an MFP can be greater or less than the sum of costs of all the corresponding single-function products while the bundling literature assumes that the cost for a bundle is typically a function of individual product costs (Hanson and Martin 1990 , Dansby and Conrad 1984 , Bakos and Brynjolfsson 1999 . Furthermore, functional integration tends to make MFP substitutes for existing products, whereas bundled products are usually complementary.
An MFP could be regarded as a high-end version of its single-function counterpart. From this perspective, we could analyze the MFP issue from a vertical product differentiation point of view. Traditional vertical differentiation models focus on product positioning based on a single quality dimension (e.g., Gabszewicz and Thisse 1979) , and most often the consumers are assumed to be uniformly located along the quality continuum (Moorthy 1984 , Vandenbosch and Weinberg 1995 , Wauthy 1996 . Extensions to this approach along two quality dimensions have been analyzed by Baumol (1967) and Vandenbosch and Weinberg (1995) .
Our focus is distinct from these vertical differentiation approaches in the sense that the MFP simultaneously competes with single-function products in a single market. Because we view the MFP as a substitute for the single-function products, we adopt an alternative utility-based explanation for this type of setting. Furthermore, we are not really addressing the product positioning issue for the MFP; instead we focus on an analysis of the product portfolio decision given that there are demand substitution effects among products.
Prior work on product variety addresses the number of variants within a specific product group. It can be analyzed from four different perspectives: the individual consumer, the individual firm, market equilibrium, and the social optimum (Lancaster 1990) . Ramdas and Sawhney (2001) found that product variety primarily results from competition and modularization of products while the firms are searching the subsets of product line extensions, which result in maximum incremental profits. Ramdas et al. (2003) demonstrated that the firm can achieve product variety with lower component variety and cost for assembled products. An excellent review of prior work on product variety is provided in Ramdas (2003) .
In our setting, product variety is a result of function combinations. The MFP competes with other single-function products simultaneously and thus, influences a product market that was previously captured by independent single-function products. Consistent with this idea, our study places a greater emphasis on substitution effects rather than on product positioning, the latter being emphasized in literature on product variety.
Given that the focus of this paper is quite different from prior work on bundling, vertical differentiation, and product variety, the next section proposes a context-specific stylized model for gaining insights on the economic viability of incorporating MFPs in the firm's optimal product portfolio.
Modeling Framework

Preliminaries
A single firm has the capability to offer three products in one market. Products 1 and 2 are single-function products (e.g., a standalone cell phone and a standalone PDA, respectively), whereas product 3 provides two functionalities (e.g., a cell phone with a built-in PDA) and hence is considered an MFP. In terms of design features, we assume that product 3 (the MFP) is designed such that product 1 is the base product and product 2 is the nonbase product. The idea of proposing the "base" versus "nonbase" distinction is to clarify the degree of functionality provided by the MFP. Essentially, we assume that product 3 is designed such that it provides the complete functionality of product 1 (i.e., the cell phone with a built-in PDA provides the entire functionality of a standalone cell phone), and hence, product 1 is referred to as the base product. On the other hand, product 3 is designed such that it only provides a partial functionality of product 2 (i.e., the cell phone with a builtin PDA does not provide the complete functionality associated with a standalone PDA), and thus, product 2 is referred to as the nonbase product. Finally, note that product 3 could also be designed such that product 2 is the base product and product 1 is the nonbase product because all the analyses would hold by symmetry.
We assume a linear, downward-sloping demand curve as a function of price. The specific inverse demand functions for each product are as follows:
where a i > 0 ∀ i can be interpreted as the maximum price for product i, q i is the quantity of product i sold by the firm, and r i3 is the substitutability parameter of the MFP in relation to the existing single-function product i. These inverse demand functions are more amenable to a discussion of substitution effects than the direct demand specification (as also pointed out by Lus and Muriel 2007) .
As an approach to model price-demand relationships, linear demand curves are quite common in the operations literature (Van Mieghem and Dada 1999 , Dobson and Yano 2002 , Dasci and Laporte 2004 , Goyal and Netessine 2005 , Lus and Muriel 2007 , Farahat and Perakis 2008 , Pekgun et al. 2008 . Besides analytical tractability, linear demand curves also have several attractive features. First, the price elasticity of demand is increasing in price; i.e., the higher the price, the more sensitive the demand is to changes in price (this is not true for other popular forms of pricedemand functions such as Cobb-Douglas). Second, the linear demand function has a utility-based explanation from first principles (Singh and Vives 1984 , Sutton 1997 , Zanchettin 2006 . (This explanation can be found in the appendix.)
There are several key assumptions related to the substitutability parameters that need to be clarified. First, consistent with the MFP incorporating product 1 as the base product and product 2 as the nonbase product, we assume that r 13 > r 23 . Thus, product 3 is more of a substitute for product 1 than for product 2. Given that from a design perspective, we assume the MFP to have the complete functionality of base product 1 and partial functionality of product 2; this is intuitively reasonable. Second, the substitutability parameters r 13 and r 23 are assumed to be strictly less than 1 to incorporate the feature for which product 3 is not a perfect substitute for products 1 and 2, respectively, from a demand perspective. For example, a cell phone with a built-in PDA could be designed such that it incorporates the complete functionality of a standalone cell phone, but from an aggregate market demand perspective, the former product will not be a perfect substitute for the latter product because, for example, their physical dimensions might be significantly different. It is also reasonable to assume that r i3 < 1 for i = 1 2, since this incorporates the notion that a product's demand is more sensitive to its own price changes than to cross-price changes. Finally, we also assume that r 2 13 + r 2 23 < 1 to ensure that demand for products 1 and 2 is an increasing function of the price of the substitute product 3 and vice versa (Talluri and Van Ryzin 2005) .
The variable manufacturing cost for product i is c i and, to rule out trivial cases, we assume c i < a i . For the MFP, we do not make any assumption on the magnitude of this cost in relation to the total cost of single-function products 1 and 2 (i.e., c 3 can be larger or smaller than c 1 + c 2 ) because the extent of technological difficulties and synergies for manufacturing an integrated product makes either of these two cases possible.
Given this setting, the key questions for the firm are as follows. Is it beneficial to include the MFP in the firm's optimal product portfolio set? If so, should it be included as an alternative to the single-function products or should it complement one or both of these products? Are there a set of dominant product portfolio strategies in this setting? What are the key parameters that define the choice of one strategy over another? To address these and related questions, we now analyze the optimal product portfolio decisions for the profit maximizing firm.
Optimal Product Portfolio Strategies
Given our three-product scenario, the firm's product portfolio selection problem is equivalent to the following problem of setting quantities:
where d i = a i − c i ∀ i and can be interpreted as the maximum profit margin for product i. It is relatively straightforward to show that is strictly and jointly concave in the decision variables (see Appendix 1 in the Online Supplement, available at http://www.poms.org/journal/supplements), and thus, the first-order conditions are necessary and sufficient to identify an optimal solution (q * 1 q * 2 q * 3 ) to our problem. However, there is no guarantee that this solution is feasible (i.e., q * i ≥ 0 ∀ i). Hence, there are several potential product portfolio strategies that emerge as optimal for the firm. In exemplifying each of these strategies, it is assumed that single-function product 1 has complete cell phone functionalities, single-function product 2 has complete PDA functionalities, and multifunction product 3 (a cell phone/PDA) provides the complete functionality of a cell phone and partial functionality of a PDA. The strategies are as follows.
1. No MFP Strategy (NMFPS): This corresponds to the strategy of simply offering the two single-function products to the market; the associated product portfolio set is 1 2 . Thus, the market has access to a standalone cell phone and a standalone PDA.
2. All-Product Strategy (APS): This corresponds to the strategy of offering all three products to the market; the associated product portfolio set is 1 2 3 . In this setting, the market has access to a standalone cell phone, a standalone PDA, and the cell phone/PDA.
3. Partial MFP Strategy 1 (PMFPS1): This corresponds to the strategy of offering the MFP along with the base single-function product; the associated product portfolio set is 1 3 . Under this strategy, the market has access to the standalone cell phone, and the cell phone/PDA. 4. Partial MFP Strategy 2 (PMFPS2): This corresponds to the strategy of offering the MFP along with the nonbase single-function product; the associated product portfolio set is 2 3 . In this case, the market has access to the standalone PDA, and the cell phone/PDA. 5. Single MFP Strategy (SMFPS): This corresponds to the strategy under which only the MFP is offered; the associated product portfolio set is 3 . This strategy provides the market with access to only the cell phone/PDA.
To identify when each of these strategies is optimal, we first define: , then the optimal strategy is SMFPS.
Proof. See Appendix 2 in the Online Supplement. The results of Theorem 1 are intuitively reasonable because they indicate that an MFP will only be included in a product portfolio (i.e., under APS, PMFPS1/2, or SMFPS) when the maximum profit margin per unit generated by the MFP (d 3 ) exceeds the sum of the weighted loss of the maximum profit margin for the two single-function products. The "weights" are the substitutability parameters r 13 and r 23 because they could be interpreted as the change in price for each single-function product with a unit change in quantity for the MFP. Assuming that the maximum profit margin for the MFP makes it a candidate for inclusion in the product portfolio, then the parameters 2 and 3 are useful to distinguish the manner in which this would occur (i.e., with both single-function products under APS, with one of the single-function products under PMFPS1/2, or by itself under SMFPS). Table 1 summarizes the optimal product portfolio strategies based on the results stated in Theorem 1. For each of these strategies, details on the product quantity offerings and corresponding prices for each product, and resulting firm profits, are shown in Table 2 .
An analysis of the impact of each parameter on the changes in optimal quantity offerings and changes in the corresponding profit for each product portfolio strategy is shown in Table 3 . Examining this table, we obtain the following additional insights:
• As expected, an increase in the maximum profit margin for a product leads to an increase in the optimal quantity offering of that product. Of course, this increase in the quantity is complemented by a decrease in the optimal quantity offering of the substitute product. For example, for PMFPS1, an increase in the maximum profit margin for product 1 (i.e., d 1 ) leads to an expected increase in the optimal quantity offering for product 1 (q * 1 ) and a simultaneous decrease in the optimal quantity offering for product 3 (q * 3 ) given that these products are market substitutes. Similar effects are observed across all the product portfolio strategies.
• For APS, there is one effect for changes in parameters d 1 and d 2 that needs some clarification. For example, when d 1 increases, there is an increase in the optimal quantity offering for product 1 and a decrease in the optimal quantity offering for product 3 because these products are substitutes. However, an increase in d 1 also increases the quantity offering for product 2 even though products 1 and 2 are independent in terms of functionality and demand substitution effects. The reason for this is that under this strategy, all three products are included in the product portfolio, and hence, a decrease in the quantity offering of product 3 tends to drive an increase in the quantity offering for product 2-in essence, there is a spillover-quantity effect when all three products are included in the firm's optimal product portfolio. If we compare this result to that obtained under NMFPS, then these spillover effects do not occur because multifunction product 3 is not included in the optimal product portfolio. Thus, under this strategy, increases in d 1 will increase the quantity offering of product 1, but there is no change in the quantity offerings for product 2.
• In terms of changes in the demand substitution parameters, the effects on optimal quantity offerings under each strategy cannot be easily determined. Note that these parameters are only relevant when our optimal product portfolio includes the multifunction product and one or more of the single-function products (i.e., APS, PMFPS1, and PMFPS2). For all such strategies, we find that depending on the other parameters, increases in a substitution effect parameter could result in either an increase or decrease in the optimal quantity offering of each product included in the product portfolio. However, there is a symmetry to the results for PMFPS1 and PMFPS2. For example, for PMFPS1, when within a certain range of the parameter d 3 , increases in r 13 lead to decreases in the quantity offering for product 1 and increases in the quantity offering for product 3, whereas outside this range for the parameter d 3 , the reverse holds. For APS a similar symmetry does exist, but it is also complemented by an additional result. For example, in a certain range of values defined by other parameters, increases in r 13 could actually decrease the optimal quantity offerings for both products 1 and 3, but there would also be an increase in the quantity offering for product 2 through spillover effects.
• In the context of firm profits, results for increases in the maximum profit parameters (d i ) are in line with expectations (i.e., the firm profits increase as these parameters increase). For the demand substitution parameters, the impact on profits is relevant only for APS, PMFPS1, and PMFPS2. In all cases we find that as the substitution effects increase, the profits under any of these strategies decline. This implies that although increases in these parameters could lead to increases (decreases) of the quantity offerings, overall the firm profits are adversely impacted by these substitution parameters.
The analysis of the optimal product portfolio strategies so far has been focused on providing parametric guidelines for the firm to choose a specific strategy. Further insights into the changes in the quantity offerings and firm-level profits with changes in key parameters have also been discussed. One issue that has not been explored is the impact of simultaneous changes in these key parameters on choices between the set of portfolio strategies. To do this, the next section presents a numerical analysis based on secondary data for two single-function products and one MFP currently available in the market.
Numerical Analysis
Over and above examining the impact of simultaneous parameter changes on the optimal product portfolio, the purpose of the numerical analysis is to also address the following managerial questions:
• Maximum Profit Margins versus Market Effects: The maximum profit margin for the MFP is represented by the parameter d 3 and is determined as a function of the maximum price (a 3 ) and cost (c 3 ). Thus, key questions in this context would be -What is the impact of the maximum prices for the MFP (i.e., a 3 ) compared with the maximum prices of the single-function products (i.e., a 1 and a 2 ) in identifying the optimal strategies, and how are these choices moderated by the demand substitutability parameters? This could be useful to evaluate the trade-off between pricing decisions and market effects (represented by the substitutability parameters).
-What is the impact of the relative cost for the MFP (i.e., c 3 ) compared with the costs for the single-function products (i.e., c 1 and c 2 ) in identifying the optimal strategies, and how are these choices moderated by the substitutability parameters? In essence, we are interested in understanding the trade-off between efficiency (as represented by the costs) and market effects (represented by the substitutability parameters).
• Strategy Regions and Market Effects: How are the optimal strategy regions moderated by the substitutability parameters? This could provide insights into the impact of market effects on the optimal product portfolio.
To address these questions, we use office machines (specifically printers and scanners) as our products for analysis. There is assumed to be a single manufacturer (e.g., Hewlett-Packard (HP)) who has the capability of offering a printer (base product 1), a scanner (nonbase product 2), and a printer-scanner (MFP-product 3) to a single market.from HP's financial report are used to set the maximum prices, unit costs, and the maximum profit margins for two single-function products (products 1 and 2). These parameter values are set as
• Product 1 (Printer): a 1 = $680, and c 1 = $240, which implies that d 1 = $440; and
• Product 2 (Scanner): a 2 = $580, and c 2 = $280, which implies that d 2 = $300.
For the substitutability parameters, by assumption we impose that r 13 > r 23 . In our numerical analysis, the value of r 13 varies between 0.5 and 0.95, and the value of r 23 varies between 0.02 to 0.675.
Maximum Profit Margins vs. Market Effects
Because profit margins are a function of maximum prices and costs, we generate three figures. In Figures 1 and 2 , we set cost of the MFP (c 3 ) to be equal to $400 and then vary a 3 in the range $ 600 1 200 . In Figure 3 , we set the maximum price of the MFP (a 3 ) to be equal to $900 and then vary c 3 in the range $ 200 600 . This essentially implies that Figures 1 and 2 illustrate the impact of maximum price of the MFP, whereas Figure 3 illustrates the impact of MFP cost. Summary observations based on these figures are as follows:
• Based on Figures 1 and 2 , it is obvious that a larger maximum price of the MFP (a 3 ) compared to the maximum prices for the two single-function products (a 1 and a 2 ) is necessary for the MFP to be included in a product portfolio. Note that even if these maximum prices are adjusted by the assumed costs of the products to instead focus on the maximum profit margins (d 1 , d 2 , and d 3 ), we then also get a similar result.
• Based on Figure 3 , it appears that the MFP is included in an optimal portfolio when the cost of the MFP (c 3 ) is lower than the sum of individual costs for the two single-function products (i.e., c 1 + c 2 ). As with the maximum prices, a similar result also holds if we focus on the maximum profit margins.
• A larger maximum price for the MFP (a 3 ) is required to include the MFP in an optimal product portfolio when substitution effects (i.e., r 13 or r 23 ) increase. For example, in Figure 1 , we see that the MFP is included in an optimal product portfolio when a 3 ≥ 740 for r 13 = 0 5, while this is the case only when a 3 ≥ 872 for r 13 = 0 8. Similarly, Figure 2 shows that the MFP is included in an optimal product portfolio when a 3 ≥ 718 for r 23 = 0 2, while this is the case only when a 3 ≥ 814 for r 23 = 0 5. Managerially, this indicates that when the market effects as reflected by the substitutability indices increase, this must be accom- panied by a higher maximum price for the MFP for it to be included in the firm's product portfolio.
• Once an MFP is included in the optimal product portfolio, it is also interesting to note that the transition between strategies APS and PFMPS1/2 occur with a lower maximum price for the MFP when substitution effects are larger. For example, Figure 1 shows that the transition between APS and PMFPS1 occurs when a 3 ≥ $1 182 given r 13 = 0 5, while this same transition between APS and PMFPS2 occurs when a 3 ≥ $982 given r 13 = 0 8. Similarly, Figure 2 shows that the transition between APS and PMFPS1 occurs when a 3 ≥ $1 048 given r 23 = 0 5, while this same transition between APS and PMFPS2 occurs when a 3 ≥ $1 164 given r 23 = 0 2. Thus, from a managerial perspective, the move towards a portfolio strategy where the MFP is included with one of the two single-function products occurs with a lower maximum price for the MFP when the substitution effects are higher.
• If the substitution effects are low, then the MFP is more likely to be included in the optimal portfolio even if the cost is higher compared with when substitution effects are higher. For example, when r 13 = 0 8 and r 23 = 0 4, the MFP is included in an optimal portfolio when c 3 ≤ $428. On the other hand, when r 13 = 0 6 and r 23 = 0 4, the MFP is included in the optimal portfolio provided c 3 ≤ $516. Managerially, this points to the fact that if the market perceives that the MFP is more of a substitute for the single-function products, internal cost controls need to be more stringent to ensure that the MFP is included in the optimal portfolio.
• As with maximum prices, it can also be seen that the transition between strategies APS and PMFPS2 occurs more quickly when the substitution effects are large. For example, the transition from APS to PMFPS2 occurs when c 3 ≤ 329 when r 13 = 0 8 and r 23 = 0 4, while this transition does not occur at all with a lower value of either r 13 and/or r 23 within the range of values for c 3 explored in Figure 3 .
In sum, these results indicate that when substitution effects are higher, the MFP needs to command a higher maximum price to be included in the product portfolio. However, once this is achieved, higher substitution effects actually lead to the MFP being included in the product portfolio either with one of the two single-function products or by itself with fewer required increases in the maximum price. In a similar vein, we also see that when substitution effects are higher, the base cost for the MFP can be lower for it to be included in the product portfolio. However, once this is achieved, higher substitution effects actually lead to the MFP being included in the product portfolio with one or more of the single-function products with smaller reductions in MFP costs.
Strategy Regions and Market Effects
To illustrate these regions, we start by setting • In Figure 4 , when d 3 ≤ $523, the optimal choice is between NMFPS and APS, and for the latter strategy to dominate the former in this range, a larger maximum profit margin for the MFP (i.e., d 3 ) is required as the substitution effect increases. Once d 3 ≥ 523, note that the MFP is always included in the product portfolio regardless of the substitution effects parameter r 13 . However, the manner in which the MFP is included in an optimal portfolio is moderated by both the maximum profit margin and substitution effect parameter. • In Figure 5 , we observe a similar result to Figure 4 . Hence, when d 3 ≤ $415, the optimal choice is between NMFPS and APS, and for the latter strategy to dominate the former, a larger maximum profit margin for the MFP (i.e., d 3 ) is required as the substitution effect increases. Based on the parameter settings for this figure, note that the MFP is always included in the product portfolio regardless of the substitution effects parameter r 13 when d 3 ≥ $415.
In management, the results in Figures 4 and 5 can be interpreted to formulate the following general guidelines for strategy choices.
• Both Figures 4 and 5 indicate that -APS is more likely to be the optimal choice when demand substitution effects are small; -PMFPS1 and/or PMFPS2 are more likely to be the optimal choice when either the demand substitution effects are large or the maximum profit margin for the MFP is large; and -SMFPS is more likely to be optimal when both the demand substitution effects are large and the maximum profit margin for the MFP is large.
The final set of results in Figure 6 offer a different perspective on the strategy regions that all include the MFPs in the optimal product portfolio. Given our assumptions that r 13 > r 23 and r 2 13 + r 2 23 < 1, the dark dashed lines in this figure indicate the bounds for the feasible region for strategy choices. Given the parameter settings of the maximum profit margins for the three products (i.e., when d 3 < d 1 + d 2 ), managerial guidelines based on these results are as follows:
• The MFP is included with both single-function products in the optimal portfolio (APS) in most cases;
• If the substitution effect between product 1 and the MFP is significantly higher than the substitution effects between product 2 and the MFP, the MFP should be included with product 2 in the optimal portfolio (PMFPS2);
• If the substitution effect between product 2 and the MFP is significantly large and not too different from the substitution effect between product 1 and the MFP, the MFP should be included with product 1 in the optimal portfolio (PMFPS1); and
• The MFP should be included by itself (SMFPS) only when both substitution effects are significantly large (regardless of the difference between them).
Implications and Conclusions
As new technology advances make more and more MFPs available, a key decision for firms is whether to include these products in their optimal product portfolios. By integrating demand substitution effects, costs, and prices associated with single-function products and MFPs, we examine this decision for a single firm. Using a stylistic model that incorporates several features unique to MFPs, we provide normative guidelines on dominant product portfolio strategies. These dominant strategies are NMFPS, APS, PPMFPS1 or PMFPS2, and SMFPS.
We identify the key parameters driving the choice between these dominant strategies. To start, it is necessary for the firm to understand and parameterize the demand substitution effect between each singlefunction product and the MFP. Assuming this information is available, we can show that the firm's optimal choice of a product portfolio strategy is driven primarily by the maximum profit margin associated with the MFP. At one extreme, if this maximum profit margin for the MFP is less than or equal to the weighted average profit margin for the two singlefunction products, the MFP should not be included in the optimal product portfolio (i.e., NMFPS is optimal). On the other hand, if the maximum profit margin for the MFP dominates the adjusted maximum profit margins for both single-function products, it is optimal for the firm to include only the MFP in its product portfolio (i.e., strategy SMFPS is optimal). Within these extremes, the other strategies that include one or more single-function products and the MFP are optimal. These results also provide some insights into how the firm could influence the choice of a portfolio strategy. Because the maximum profit margin for the MFP is a function of the cost associated with the MFP (the lower the cost, the higher the maximum profit margin), this could be viewed as an incentive to lower the manufacturing costs associated with the MFP so that it could be included in its optimal product portfolio choice.
An analysis of the demand substitution effects also leads to some interesting insights. If these effects are higher (for both the base and nonbase product in relation to the MFP), then the likelihood of the MFP being included in the optimal product portfolio is lower. Thus, it is necessary to focus on both quantity and margin effects in making the decision to include an MFP in the optimal product portfolio. Furthermore, there are interactions between the demand substitution effects and the maximum profit margin of the MFP that moderate the choice of the partial MFP strategies. In essence, smaller (larger) values of the demand substitution effect between the base (nonbase) product and the MFP tend to increase the possibility of the base product and the MFP being included in an optimal product portfolio. On the other hand, larger (smaller) values of the demand substitution effect between the base (nonbase) product and the MFP tend to increase the possibility of the nonbase and MFP being included in an optimal product portfolio.
There are several interesting extensions for future research. First, it may be worthwhile to incorporate competition into our scenario. Suppose two firms are monopolists in two distinct product markets and each firm can offer an MFP in either of the two markets. Under such a setting, it might be interesting to analyze questions such as (a) What are the optimal product portfolio strategies for both firms? (b) Under what conditions will one of the firms retreat from the market? A second avenue of future research is to examine MFPs integrating more than two distinct functionalities. In this context, an n single-function product scenario could be analyzed with a focus on answering some of the same or similar questions addressed in this paper. A third extension could focus on developing a dynamic model incorporating learning effects and market growth for analyzing the timing of the decision to introduce MFPs into the market. Of course, our approach could be parametrically used to analyze optimal conditions at each point in time for such a scenario to address such timing issues. Finally, an empirical examination of new product portfolio strategies analyzed in this paper would be a natural extension of this research. This would help to analyze whether firms actually adopt the strategy recommendations of our model.
